Phospholipid metabolism in the pathogenic fungus Candida albicans was examined. The phospholipid biosynthetic pathways of C. albicans were elucidated and were shown to be similar to those of Saccharomyces cerevisiae. However, marked differences were seen between these two fungi in the regulation of the pathways in response to exogenously provided precursors inositol and choline. In S. cerevisiae, the biosynthesis of phosphatidylcholine via methylation of phosphatidylethanolamine appears to be regulated in response to inositol and choline; provision of choline alone does not repress the activity of this pathway (G. M. Carman and S. A. Henry, Annu. Rev. Biochem. 58:636-669, 1989). The same pathway in C. albicans responds to the exogenous provision of choline. Possible explanations for the observed differences in regulation are discussed.
Candida albicans is an opportunistic fungal pathogen which normally exists in humans as a harmless commensal, although weakening of the human host can result in infection of almost any part of the body. It is a dimorphic organism which can exist in either a yeast or mycelial form. C. albicans is now generally accepted to be a diploid (22, (32) (33) (34) that has at least seven chromosomes (18, 19) . Classical genetic analysis of the organism, which could contribute to the study of its biochemical pathways, has been hindered by the fact that a sexual cycle has not been observed (23, 31) . However, direct biochemical and physiological analyses are perfectly feasible. To study the growth and development of this organism, phospholipid biosynthesis was examined.
Phospholipids are important components of membranes, and the regulation of their biosynthesis is essential for balanced cell growth. Phospholipids are synthesized by a series of reactions which are similar in all eucaryotes (28) . However, regulation of phospholipid biosynthesis has been examined in very few organisms. The phospholipid biosynthetic pathways of Saccharomyces cerevisiae and their regulation have been extensively studied (3, (8) (9) (10) . Two pathways have been described for the synthesis of phosphatidylcholine (PC), a major membrane phospholipid (15, 24) (Fig. 1) . In the first of these, PC is synthesized de novo from phosphatidylethanolamine (PE) via three sequential methylations (29, 30) . The second pathway requires the exogenous provision of choline, which is then activated by CTP and subsequently incorporated into PC (15) . Regulation of the biosynthesis of phospholipids and their precursors has also been examined genetically in S. cerevisiae (17, 21, 26) . Accordingly, S. cerevisiae was used as a control and as a reference point for the comparison of fungal phospholipid biosynthesis.
Previous studies of C. albicans membranes revealed the presence of typically eucaryotic phospholipids (2, 6, 11, 12, 20, 25, 27) . This study delineates the pathways of phospholipid biosynthesis in C. albicans. Radioactively labeled precursors were used to investigate the synthesis and steadystate levels of the various phospholipids. The regulation of synthesis of phospholipids in response to the precursors inositol and choline is also described. * Corresponding author.
MATERIALS AND METHODS
Yeast strains and growth conditions. C. albicans ATCC 10231 and 10261 are two independent clinical isolates (without any apparent auxotrophy) which were obtained from the American Type Culture Collection. S. cerevisiae A6 (ade6 a) was obtained form J. Ernst. AID is an indicator strain for inositol excretion (adelladel inol-131inol-13 lys2/+ +/ade5 a/a) ( (10, 50, or 150 ,uM) and choline (1 mM) were added as indicated.
Determination of growth parameters. Yeast cells were grown overnight at 30°C in the various media. The cells were then diluted 200-fold into fresh media. Growth was monitored by optical density at 600 nm and viability plating. Viability was determined by making serial dilutions and spreading samples on YEPD agar plates. The colonies that grew were counted. Inositol excretion was examined essentially as described by Greenberg et al. (7) .
Generation and growth of mycelia. Yeast cells were seeded and grown overnight at 30°C in the media indicated. The cells were collected by centrifugation, washed, and resuspended (three times) in the same volume of medium (composition corresponding to the previous growth media) lacking glucose (13) . The cultures were then diluted 1:4 in the same medium (without glucose) and incubated, with shaking, at 37°C for 4 h. Glucose (final concentration, 8 mM) was then added to the cultures. The cultures were treated as described for the yeast form except that all further manipulations (including radiolabeling) were performed at 37°C. Lipid extraction and separation. Lipids were extracted from spheroplasts as described previously (1, 5) . Spheroplasts were separated from the digestion mixture by centrifugation. The pellets were suspended in chloroform-methanol (2:1, vol/vol) for 1 h. Distilled water (0.2 volume) was added, and the samples were then mixed and centrifuged. '4C-labeled lipids were separated by one-dimensional chromatography as described by Waechter and Lester (29, 30) . Once again, EDTA-dipped Whatman SG81 paper was used. The solvent system was chloroform-methanol-ammonium hydroxide (66:17:3). Radioactivity was located by autoradiography with Kodak X-ray film (XAR-5). Spots were cut from the chromatograms and counted in a liquid scintillation counter. Lipids were identified by comparison with the migration of lipids labeled with radioactive precursors (inositol, serine, ethanolamine, and choline). Further identification involved spraying the chromatograms with ninhydrin (Sigma Chemical Co.). This reagent is relatively specific for phospholipids having a free amino group, such as phosphatidylserine (PS) or PE (14) . After approximately 30 min, mauve spots appear, indicating the location of these lipids.
Pulse-labeling conditions. To examine the rates of synthesis of various lipids, the cells were grown to logarithmic phase (4 x 32Pi in synthetic media supplemented with inositol, choline, or both as indicated. They were grown at 30°C for five to six generations in the presence of the label and harvested while the cells were still in the logarithmic growth phase (at a density of 1 x 107 to 2 x 107 cells per ml). Labeling for additional generations altered neither the percentage distribution of the label into lipid classes nor the specific activity of the lipid extracted, so it appears that a steady-state labeling condition was achieved (1, 16) . Preparation of crude membrane fractions. The procedure used was essentially that described in Klig et al. (16) . Approximately 1 g of cells was washed and suspended in 1 ml of 50 mM potassium phosphate buffer (pH 7.2) containing 0.2 M sucrose. The cell suspension was mixed with glass beads (diameter, 425 to 600 ,um), and the cells were broken by vortexing them three times for 30 s, cooling them on ice for 1 min in between. Glass beads and unbroken cells were pelleted by low-speed centrifugation. The supernatant was used for methyltransferase assays.
In vitro assay of methyltransferase activity. PE methyltransferase activity was measured by monitoring the methylation of endogenous PE in the crude membrane fractions.
S-Adenosyl-L-[methyl-3H]methionine (specific activity, 14.3 Ci/mmol; Dupont) was used to label the methylated products. Reactions were performed by using 15 mM potassium phosphate buffer (pH 7.2), 65 mM sucrose, and crude membrane fraction protein (0.66 mg/ml) in a total volume of 0.5 ml. The reactions were stopped by mixing with 3 ml of chloroform-methanol (2:1, vol/vol) at the indicated time intervals. The mixtures were vortexed and extracted at room temperature for at least 1 h. The organic phase was removed, and a sample was counted by liquid scintillation to determine the total amount of label incorporated into lipid. The remainder of the sample was dried under nitrogen, and the lipids were separated by paper chromatography in one dimension as described above. The chromatographs were sprayed with En3Hance (Dupont), and the radioactivity was located by autoradiography with Kodak XAR-5 film. Spots were cut from the chromatograms and counted in a scintillation counter.
RESULTS
Growth parameters of the yeast form of C. albicans. Initial experiments established that C. albicans 10231 and 10261 grew on defined media (see Materials and Methods) without supplementation. In particular, it is important to note that these strains neither required inositol for growth nor excreted inositol. These two strains were chosen for use in all experiments described here. Although both were phenotypically wild type, two strains were used because of the diploid nature of C. albicans, which could be shielding very different genotypes. The genetic differences could result in biochemical differences.
To determine the lag time after dilution of a stationaryphase culture, the logarithmic rate of growth, and the concentration of stationary phase, the strains were grown in rich (YEPD) medium and defined media (without and with supplementation of inositol and choline as indicated). These experiments were performed at three temperatures, 30, 37, and 42°C. The number of cells per milliliter was determined by viability plating and measurement of optical density at 600 nm. The results (Fig. 2) suggested that 30°C was the optimal temperature at which to perform the following experiments. At higher temperatures, the growth rate did not increase significantly. The doubling time of both C. albicans strains in defined media was approximately 80 min. Supplementation with inositol and/or choline affected neither the lag time, the growth rate, nor the culture density at stationary phase.
Pulse-labeling to establish phospholipid biosynthetic pathways. To examine phospholipid biosynthesis in C. albicans, yeast cells were pulse-labeled with 32Pi for 15 min. Experiments using S. cerevisiae were performed simultaneously so that pathways in the two species could be compared. The results of three experiments are shown in Table 1 . The overall patterns of incorporation of 32Pi into phospholipids were similar in S. cerevisiae and C. albicans. An intriguing difference, however, was found in the increased percentage of PE in C. albicans. To examine the pathways for phospholipid biosynthesis in C. albicans, pulse-labeling experiments were performed with the radioactively labeled phospholipid precursors inositol, serine, ethanolamine, and choline ( a Cells (2 x 107 to 5 x 107) were labeled for 15 min with the specified compound in complete defined media as described in the text. nolamine (PDME), and ultimately PC. These experiments therefore established the existence of pathways of phospholipid biosynthesis similar to those of S. cerevisiae (Fig. 1) .
Steady-state labei4 (2pP todetMine composition. To determine the phospholipid composition of C. albicans grown in the presence of various precursors and to compare it with that of S. cerevisiae, steady-state labeling experiments were performed ( Table 3 ). The overall steadystate labeling patterns of S. cerevisiae and C. albicans grown without inositol or choline supplementation were similar. However, examination of the response of the yeast membrane composition to supplementation with different phospholipid precursors revealed interesting differences. Specifically, the percentage of PC was decreased in S. cerevisiae but unchanged in C. albicans membranes by the inclusion of inositol in the growth media. C. albicans membranes exhibited an altered percentage of PC with the addition of choline to the media.
Pulsbe lg to exami in vivo methylated phplipid synthesis. To determine which pathway was responsible for the observed differences in regulation of PC synthesis between S. cerevisiae and C. albicans, methylation of PE, or activation of choline with CTP, the biosynthesis of methylated phospholipids (PMME, PDME, and PC) by the methylation of PE was examined in vivo. Yeast cultures in mid-logarithmic phase were pulse-labeled with [methyl- '4C]methionine. The radioactively labeled methionine is rapidly converted to radioactively labeled SAM, the substrate for the transfer ofa methyl group in the biosynthesis of PC (Fig. 1) . The methylated phospholipids were separated chromatographically in one dimension and quantitated ( Fig.  3 ; Table 4 albicans regulated the synthesis of PC with respect to the presence of choline. Specifically, the percentage of PC synthesized in S. cerevisiae decreased from 61 to 28% when the celis were grown in the presence of inositol. Provision of choline to the growth media of C. albicans decreased the percentage of PC synthesized in strain 10231 from 56 to 301% and in strain 10261 from 67 to 26%. Synthesis of ethylated p_ in vitro, using crude membrane preparaton. To confirm the regulation of the biosynthetic pathways deduced from the in vivo experiments, synthesis of the methylated phospholipids was examined by in vitro studies. The incorporation of radioactivity from labeled SAM into the methylated ph6kpholipids (PMME, PDME, and PC) was examined at vanous time intervals. Crude membrane fractions from yeast cells grown in media supplemented as indicated were assayed (Fig. 4) . The methyltransferases in the crude membrane fraction isolated from C. albicans grown without choline synthesized five to seven times more PC than did the same fraction a Cells were grown in complete defined media supplemented with inositol and/or choline as indicated. The steady-state labeling with 32P, was performed as described in Materials and Methods.
b Includes the pooled percentages of the minor phospholipids cardiolipin, phosphatidylglycerol, CDP-diacylglycerol, phosphatic acid, PMME, PDME, and other unidentified lipids present in trace amounts. isolated from C. albicans grown in the presence of choline. In contrast, as has been previously established (16, 26) and was repeated here, the presence of choline in the growth media without inositol had no apparent effect on the methyltransferase activity (synthesizing PC) in S. cerevisiae. These studies confirmed that the methyltransferase activity in C. albicans appears to be regulated in response to the presence or absence of choline in the growth media. To determine whether inositol or choline could directly repress the activity of the methyltransferases, the following experiments were performed. The crude membrane fractions from yeast cells grown with neither inositol nor choline supplementation, which had the greatest amount of methyltransferase activity, were used. At the start of these experiments, inositol, choline, or both were added along with radioactively labeled SAM. There was no apparent alteration of the biosynthetic rates (nor the final quantities) of the methylated phospholipids brought about by the added inositol or choline (data not shown). Thus, these compounds do not directly inhibit methyltransferase activity.
Phospholipid composition and synthesis of methylated phospholipids of mycelia. C. albicans and S. cerevisiae were grown under conditions in which C. albicans became and remained mycelial (as described in Materials and Methods). The existence of C. albicans in the mycelial form was checked microscopically before and after each labeling. The results of steady-state labeling and pulse-labeling experiments are shown in Tables 5 and 6 , respectively. Although slight differences are apparent in the percentages of the individual phospholipids, considering the differences in the growth procedures (glucose shock and elevated temperature, 37°C) the proportion of the phospholipids remained surprisingly stable. The results of pulse-labeling the methylated phospholipids (Table 6 ) exhibited a pattern of regulation in response to inositol and choline similar to that shown previously for the yeast form (Table 4 ). DISCUSSION C. albicans is a major fungal pathogen infecting humans. As a relatively simple eucaryotic organism, it is particularly interesting because it is dimorphic, having a yeast and a mycelial form. The results presented here provide the first detailed analysis of methylated phospholipid biosynthesis and its regulation in C. albicans. C. albicans is diploid, which could result in partially obscured biochemical phenotypes in any given strain. To control for strain-specific events, two ostensibly wild-type strains were used for all experiments. S. cerevisiae was examined simultaneously so that the two yeast species could be compared.
There were no significant differences observed in the growth rates of cells grown in defined media with or without the phospholipid precursors inositol and choline. The optimal temperature for growth of C. albicans (yeast phase) was determined to be 30°C (Fig. 2) .
Pulse-labeling experiments (Tables 1 and 2 ) established that phospholipid biosynthetic pathways in C. albicans were similar to those of S. cerevisiae (Fig. 1) . In particular, both species have two mechanisms for the biosynthesis of PC, the methylation of PE, and the activation of choline with CTP. The most significant apparent difference between C. albicans and S. cerevisiae phospholipid biosynthesis, revealed by the pulse-labeling experiments, appears to be in the proportion of PE.
Overall, the phospholipid compositions of C. albicans and S. cerevisiae were shown to be similar (Table 3 ). The increased proportion of PE in C. albicans was once again evident. Comparison of the percentage of PC present in S. cerevisiae membranes versus C. albicans membranes suggested that the compositions of the membranes are regulated differently in response to the exogenous provision of the precursors inositol and choline.
To further examine this difference, the PC biosynthetic pathway of methylation of PE was studied in vivo and in vitro. The results of these experiments demonstrate a difference between the regulation of PC biosynthesis in the two yeasts (Table 4 ; Fig. 4) . Specifically, addition of inositol to the growth media decreased the synthesis of PC via the methyltransferases in S. cerevisiae but not in C. albicans. In contrast, addition of choline to growth media lacking inositol decreased the synthesis of PC via the methyltransferases in C. albicans but not in S. cerevisiae.
Since C. albicans is a dimorphic fungus, the phospholipid composition (Table 5 ) and biosynthesis of methylated phospholipids (Table 6 ) of the mycelial form were also examined in vivo. Slight differences between the yeast and mycelial forms are apparent in the percentage of each lipid represented. However, the regulation in response to exogenous choline or inositol is similar to that observed in the yeast form.
In conclusion, the regulation of PC biosynthesis by the phospholipid precursors inositol and choline has been shown to differ markedly between C. albicans and S. cerevisiae. Perhaps these differences are related to the different environments in which these yeasts grow and to differences in the availability of various substrates. Specifically, C. albicans as a human commensal and pathogen would be more likely to have constant access to the essential lipid precursor inositol and may therefore have evolved a regulatory mechanism responding to other substrates (i.e., choline). S. cerevisiae is more widely distributed in the environment and therefore may have evolved mechanisms for maximizing the use of inositol when it is available. An alternative explanation could be that C. albicans synthesizes higher levels of inositol than S. cerevisiae. Hence, the absence of exogenous inositol has a less significant impact on the inositol pools in C. albicans. As such, the provision of choline to C. albicans, with or without the provision of inositol, could stimulate the same effect (i.e., the repression of PC biosynthesis via the methylation of PE). Future studies of inositol biosynthesis and its regulation in C. albicans should contribute to the clarification of the regulation of phospholipid biosynthesis.
